limestone powder was higher than 98%, with less than 0.05% being retained in the 45 µm sieve. In 116 the SCC and in the VC alike, an admixture named Sika Viscocrete 5720 (a polycarboxylate-based 117 superplasticizer with a solid content of 36% and 1090 kg/m³ density) was employed. The formulations 118 of VC and SCC can be seen in Table 1 . 
121
In this study, the polyolefin fibres employed boasted two different lengths. Firstly, 60mm-long 122 commercial fibres; and secondly, the same fibres but 600mm-long. Both fibres had the same 
129
With the aforementioned materials, three types of concrete were prepared. The first two were a 130 vibrated conventional concrete and the second one a self-compacting concrete. In these two concretes, to VCC6-60 and SCC6-60, other specimens were manufactured with the same volumetric fraction of consequently were mixed with the rest of components, leading to a random positioning of the fibres 136 within the bulk. Once the VCC6 concrete was prepared, the material was poured in 430x100x100mm³
137
moulds following the recommendation [30, 32] . In the case of the SCC6-60, the fresh material was 138 poured from one of the sides of the mould to allow the fibres to align in the direction of the flow.
139
In the case of the SCC6-430, the fibres were positioned by choosing a homogeneous distribution
140
and a perpendicular angle between the cross section and the fibres. The amount of fibres positioned 141 in the specimens was selected by taking into account the volumetric fraction that entails a 6kg/m³ 142 addition of fibres being homogeneously distributed in the ligament of the cross section.
143
Consequently, as the volumetric fraction that corresponds to such addition is 0.66%, the amount of 
148
to the long fibres positioned. The four-step process can be seen in Figure 3 .
149
In addition to the prismatic specimens, nine cylindrical specimens were prepared with 150mm 150 diameter and 300mm height for each batch. All the specimens were stored in a climatic chamber at 
Material characterisation

159
The formulations were tested in order to obtain their main mechanical properties, such as [45] 166
The mechanical properties shown in Table 2 show slight differences among the concrete types 167 used. Although it can be clearly seen that the changes in the aggregate proportions and the presence 168 of fibres caused variations in the mechanical properties, it could also be argued that such changes are
169
of minor importance in the subject studied in this paper. That is to say, the principal effects of the orientation of the fibres appear in the post-peak region when the contribution of the concrete bulk 171 material to the mechanical response of the composite material can be considered negligible.
standard noted above, was made in accordance with the depth of the beam. A span-to-depth ratio of 
180
The test was performed with crack-mouth opening displacement control (CMOD) by using a 
203
The curves obtained from the tests shown in Figure 6 could be divided in three distinct trends 204 that can be easily identified. All can be defined by changes in the load-bearing capacity of the 205 material. The first one begins at the start of the test and ends at the load at the limit of proportionality.
206
Once the deflection at this point has been surpassed, an unloading branch can be perceived. The 
213
After reaching the maximum post-peak load, the load bearing capacity of the material decreases 214 progressively due to the continuation of the damage in the material. Consequently, the load- 
219
The aforementioned characteristics are common for the three formulations manufactured. The the case of this contribution, will be analysed by means of the orientation factor in the following 
225
There were no changes in the peak load obtained in the fracture tests. This result is coherent 226 because there were only slight changes in the concrete formulations used. In addition, such results
227
show that the different pouring method employed in the SCC6-60 and SCC6-430 specimens did not 228 have any influence. Another point that should be highlighted is that in all formulations the minimum 229 post-peak load was similar and at around 30% of the peak load.
230
The slope of the reloading part of the curves in the case of the SCC6-430 specimens is noticeably 231 greater. While in the case of the VCC6-60 and SCC6-60 specimens the maximum post-peak load is 232 around 50%, when the curves of SCC6-430 are analysed it can be seen that such s point reaches almost 233 the value of the peak load.
234
In addition, the deflection at the maximum loading capacity changes from 3.5mm to 6.0mm. It
235
has to be emphasised that this observation was already perceived to a lesser extent in previously 236 published literature [17, 16] . When reaching this deflection, different damaging mechanisms have to be more gradual in the case of the SCC6-430 specimens. However, a deeper study would be 248 required to obtain sound conclusions. In any case, as in previous studies by the same authors in 249 references [8, 10] , the characteristic points of the experimental mean curves have been extracted in 250 Table 3 in order to ease their discussion. 
251
Fracture surface analysis
254
In order to quantify the importance of the orientation and distribution of the fibres, an analysis
255
of the fracture surfaces generated in the three-point bending tests was required. In the case of the 256 SCC6-430 specimens, the amount of fibres was predetermined in the manufacturing process to equal 257 the theoretical one, with it having a perfect distribution and positioning. However, a fibre-counting 258 exercise was required to assess the number of fibres in the fracture surfaces of the rest or formulations. 
263
The theoretical number of fibres placed in the fracture surface was obtained for each concrete by 264 using Eqs. (1) and (2), considering that the fibres were uniformly distributed and perpendicular to 265 the crack.
266
. 1
ℎ 2
In (1) and (2) Vf is the fibre volumetric fraction, Wf the weight of the fibres for a reference volume 269 of 1 m³, ρ the fibre density and V the total volume. In addition, th is the theoretical number of fibres 270 placed in the fracture surface of a given specimen, with A being the cross section of the specimen and can be seen in Figure 8 . Moreover, the relation between the fibres counted in a given cross-section (n)
273
and theoretical number of fibres (th) are also shown in Figure 8 . This relation θ is the so-called in
274
previous research orientation factor [26] that assumes a homogeneous distribution of fibres in the 275 section and which may be seen in Eq. (3).
276
ℎ 3
277
In the case of the SCC6-430 specimens, the theoretical fibre content was homogeneously 278 distributed in all the specimen sections and consequently in such specimens the value of the 279 orientation factor is 1. The evaluation of the orientation factor was performed using the approach 280 aforementioned and the results are also shown in Figure 8 , including the percentage of pull-out fibres. 
289
The fracture behaviour was reproduced by employing 2D numerical models meshed through 290 using three-node triangular elements with one Gauss point. The mechanical behaviour of the material 291 implemented in the UMAT was linear elastic without any damage when under compression.
292
Regarding the tensile behaviour, the material was linear elastic until the tensile stress was reached. If 299 300 Figure 9 . Sketch of the shape and position of the turning points of the constitutive relations for PFRC.
302
The non-linear fracture process zone emerges in the elements placed on the crack. The behaviour
303
of the fracturing elements depends on a constitutive relation that needs to be iteratively fit until
304
finding the values of CMIN, CREM and CF that are able to reproduce the fracture behaviour of all the 305 three formulations with a reasonable degree of accuracy.
306
The inverse analysis used has been explained in depth in previous papers [42] . The mechanical 307 data of the material that was obtained in the mechanical test and used in the simulations can be seen 308 in Table 2 . For the specific fracture energy (GF) and Poisson coefficient of plain concrete, the values 309 of 130 N/m and 0.2 were respectively adopted [42] .
310
With the aforementioned data and by exerting the inverse analysis previously cited, it was 311 possible to find an accurate reproduction of the experimental tests. In addition, the tri-linear softening 312 functions were defined. In Figure 10 both numerical results and experimental results can be seen. 
315
The curves that appear in Figure 10 clearly reproduce, and with a significant degree of accuracy, 
324
The reproduction of the mechanical behaviour of SCC6-60 and VCC6-60 implied changes in fct,
325
CMIN and CREM. Regarding those of CMIN and CREM, it can be seen in Table 4 
Discussion
337
This section deals with the relevant aspects of the experimental results, connections between the 338 orientation and distribution of the fibres with such results and changes that were performed in the 339 material subroutine implementation in order to find an accurate reproduction of all the tests.
340
As could be seen in the correspondent section, the general shape of the fracture curves obtained
341
for the formulations were analogous. Both SCC6-60 and VCC6-60 were highly similar to each other.
SCC6-430. Although this can be seen in Figure 6 , there are several aspects that should be underlined.
344
Firstly, in all formulations the minimum post-cracking loads were similar. This feature is of primary 
356
Another point that should be highlighted is that the slope of the reloading part of the curves is 
376
(see reference [48] ) that play a major role in the composite material behavior. Therefore, it is important 377 to highlight that not only the orientation factor reduces the load bearing capacity of the specimen in
378
VCC6-60 and SCC6-60 formulations.
379
In the case of the unloading branch of the curves, it can be seen that the unloading process is 
385
Regarding the numerical analysis performed, it can be concluded that only by applying minor 386 changes in the tri-linear softening function found in the literature [42] 
418
formulations can be seen in reference [16] but, due to the reduced difference in the fibre length, it was difficult to perceive.
427
Nevertheless, when using 430mm-long fibres it has been easy to confirm this phenomenon. Even
428
when there was a reflection in the softening function implemented. There was swift shift of 0.5mm 429 in the case of the crack opening of the CREM and in the case of CF there was a 5mm shift. Consequently,
430
it can be stated that the longer the fibres the greater is the value of CF that should be implemented.
Conclusions
432
The 
